On the basis of multiple complete mitochondrial DNA genome sequences, we describe the temporal phylogeography of Atlantic cod (Gadus morhua), a lineage that has undergone a complex pattern of vicariant evolution, postglacial demographic shifts, and historic sharp population declines due to fishing and/or environmental shifts. Each of 32 fish from four spawning aggregations from the northwest Atlantic and Norway has a unique mtDNA sequence, which differs by 6-60 substitutions. Phylogenetic analysis identifies six major haplogroups that range in age from 37 to 75 KYA. The widespread haplotype identified by previous single-locus analyses at the center of a ''star phylogeny'' is shown to be a paraphyletic assemblage of genome lineages. The coalescent that includes all cod occurs 162 KYA. The most basal clade comprises two fish from the western Atlantic. The most recent superclade that includes all fish examined from Norway, and which includes 84% of all fish examined, dates to 128 KYA at the Sangamon/Wü rm interglacial, when ocean depths on continental shelves would have favored transcontinental movement. The pairwise mismatch distribution dates population expansion of this superclade to the middle of the Wisconsinan/Weichsel glaciation 59 KYA, rather than to a postglacial emergence from a marine refugium 12 KYA, or to more recent historic events. We discuss alternative scenarios for the expansion and distribution of the descendants of the ''codmother'' in the North Atlantic. Mitochondrial phylogenomic analyses generate highly resolved trees that enable fine-scale tests of temporal hypotheses with an accuracy not possible with single-locus methods.
VOLUTIONARY analysis of mitochondrial DNA (mtDNA)hasgraduatedfromRFLPmapping (Brown et al. 1979; Wilson et al. 1985) to direct sequencing of single-loci (Kocher et al. 1989; Carr and Marshall 1991) to comparisons of complete genome sequences among species (Horai et al. 1995; Inoue et al. 2001; Coulson et al. 2006) . Recent intraspecific analyses of complete human mtDNA genomes have supported the ''mitochondrial Eve'' hypothesis and clarified the historical emergence of her daughters ''out of Africa'' (Ingman et al. 2000; Torroni et al. 2006) .
Atlantic cod (Gadus morhua L. 1758) is another lineage that has undergone a complex pattern of phylogeographic evolution, including vicariant events and population fluctuations attributable to long-term geological events, short-term ecological history, and contemporary anthropogenic fishing and/or environmental shifts (Myers et al. 1995; Hutchings 1996; Rose et al. 2001; Rose 2004 Rose , 2007 Coulson et al. 2006 ; International Council for the Exploration of the Sea 2006).
We have shown (Carr et al. 1999; Coulson et al. 2006 ) that the basal gadine genera are endemic to the northeast Atlantic (Melanogrammus and Merluccius). The sister genera to Gadus L. 1758 are the Polar basin Arctogadus and Boreogadus. The genus Gadus comprises three nominal species, including Atlantic cod (G. morhua), its sister species walleye pollock [G. (¼ Theragra) chalcogrammus], and Pacific cod (G. macrocephalus) (cf. Figure 4 of Coulson et al. 2006) . The latter two species are found on both Pacific coasts and north of the Bering Strait. Greenland cod, found in the Davis Strait west of Greenland and previously considered a separate species G. ogac, is a subspecies of G. macrocephalus and apparently represents a tertiary invasion of the western Atlantic via the Canadian arctic archipelago. We presented a model in which Gadus is of North Atlantic origin, and the two Pacific species derive from separate but simultaneous invaders of the Pacific through the Bering Strait 3.5 MYA. Pogson and Mesa (2004) suggested instead that the genus was of Pacific origin, with morhua reentering the North Atlantic via a polar route. Although this latter model requires only a single event and Pacific to Atlantic vicariance is more common (Vermeij 1991) , we suggested that it is difficult to understand how speciation of macrocephalus and chalcogrammus and their current distribution could have arisen in sympatry.
Given our model, current patterns would have carried the ancestor of morhua through the polar basin east of 1 Greenland into the northeastern Atlantic. Then, morhua spread westward via Iceland and Greenland to the coast of North America. Pleistocene glaciations of the Grand Banks and the rest of the Newfoundland and Labrador continental shelf may then have restricted suitable cod habitat to southerly marine refugia, such as the Flemish Cap, an offshore seamount and putative marine refugium during the Wisconsinan glaciation and especially the last glacial maximum 8-13 KYA (Shaw 2006) .
Population genetic analysis of cod goes back to the roots of experimental population genetics, including first identification of the Wahlund effect (Wahlund 1928) , an observed deficiency of heterozygotes in a geographically structured population vs. the expectation of panmixis. Subsequent investigations by protein allozymes (Cross and Payne 1978) and DNA microsatellites (Ruzzante et al. 1999 (Ruzzante et al. , 2001 ) have typically adopted phenetic methods of analysis, in which fish are aggregated a priori, for example, as samples from geographically delimited management zones. Analysis may assume that aggregations drawn for a particular zone are necessarily representative of the entire zone, rather than, for example, of a latitudinal cline. Peculiarities of particular loci may bias results (Nielsen et al. 2006) .
Phylogenetic approaches based on DNA sequences of individual fish have the potential to identify reciprocally monophyletic population lineages a posteriori (Slatkin and Maddison 1989; Slatkin and Hudson 1991; Avise 2000) . Previous sequence analysis of a 0.3-0.4 kbp portion of the mitochondrial Cytochrome b locus of almost 1300 fish from the western Atlantic, Greenland, Iceland, and Norway identified 60 haplotypes, of which 4 accounted for $90% of the observed variation (Figure 1 ). One haplotype (''A'') occurs in 54% of all fish examined, and only three others occur at overall frequencies of .3%: ''D'' (10%), ''E'' (15%), and ''G'' (9%) (Á rnason 2004) . Haplotype A accounts for .70% of cod in the northwest Atlantic (Carr and Marshall 1991; Pepin and Carr 1993; Carr et al. 1995; Carr and Crutcher 1998) . Eastern and mid-Atlantic cod populations have much greater single-locus mtDNA diversity as compared with the northwest Atlantic (Á rnason 2004). The singlelocus picture of cod in the northwest Atlantic is thus a ''star phylogeny'' centered on haplotype A, which might suggest a relatively recent population expansion (Á rnason 2004) . For example, protein (Cross and Payne 1978) , microsatellite (Bentzen et al. 1996; Ruzzante et al. 1999 Ruzzante et al. , 2001 , and single-locus mtDNA studies (Carr and Crutcher 1998) all suggest that the most genetically distinctive population in the offshore northwest Atlantic occurs at Flemish Cap, in accordance with the refugial model. Unfortunately, the shallow depth of the star phylogram does not provide sufficient temporal resolution to make a rigorous test of the hypothesis that the distribution of continental fish populations on the continental shelves reflects postglacial expansion ,13 KYA.
During historic times, populations of Atlantic cod in the northwest Atlantic have been observed to spawn in a variety of inshore and offshore areas along the continental shelf of Newfoundland and Labrador, including populations in the ''northern cod'' stock complex on the Grand Banks [Northwest Atlantic Fisheries Organization (NAFO) Divisions 3K and 3L], the adjacent Hamilton Bank (NAFO 2J), and at Flemish Cap, an offshore seamount outside the Canadian economic zone (NAFO 3M) (Figure 2 ). Although it sustained the world's richest fishery for .500 years (Rose 2007) , the estimated biomass of northern cod declined .98% from an historic high of 3 3 10 6 metric tons in the early 1960s to ,0. We can thus distinguish at least four a priori phenomena over six orders of annual magnitude to explain observed biogeographic patterns of genetic variability in cod: geographic separation from their closest ancestor several 10 3 KYA, transatlantic vicariance during glacial cycles 10 1-2 KYA, restriction to and recovery from glacial refugia several tens of thousands of years ago, and fishing pressure and stock collapse within historic times, tens to hundreds of years ago. Just as wholemtDNA genome data sets lead to statistically robust interspecific phylogenies (Inoue et al. 2001; Miya et al. 2004; Coulson et al. 2006) , so too can they provide highly resolved trees to investigate temporal and geographic patterns in intraspecific phylogeography (Ingman et al. 2000; Achilli et al. 2004 Achilli et al. , 2008 . We show here that analysis of a highly corroborated tree provides opportunities for tests of hypotheses, with a precision of temporal discrimination not previously possible.
MATERIALS AND METHODS
We studied 32 fish from four spawning aggregations ( Figure  2 ), two from the northern cod complex at Hawke Channel (Northwest Atlantic Fishery Organization Division 2J, n ¼ 8) and the North Cape of the Grand Banks (3L, n ¼ 9), one from Flemish Cap (3M, n ¼ 9), and one from a Norwegian coastal population near Tromsö, Norway (n ¼ 6). The consensus length was 16,576 base pairs (bp), with a length variant of 1 bp in one individual. The control region (CR) includes a variable number of 40 bp tandem repeats; we excluded 921 bp of this region. The cod CR is otherwise not particularly variable ( Johnstone et al. 2007 ). Genome sequences have been submitted to the NCBI GenBank database and assigned the accession numbers EU877710-EU877741.
A set of 20 primer pairs was identified that amplifies the mitochondrial genome in fragments of 750-1400 bp, with overlaps between adjacent fragments of 80-300 bp (Coulson et al. 2006) . Most genomes were sequenced with the BigDye chemistry v. 2.0 (Applied Biosystems) on the ABI377 Prism automated sequencer. Both DNA strands were sequenced. Sequence assemblies were done with Sequencher 4.5 (Gene Codes). Four of the Flemish Cap genomes were sequenced on a custom iterative resequencing microarray (Affymetrix) , including a quality-control algorithm (Flynn and Carr 2007) .
A neighbor-joining tree was constructed with PAUP * 4.0 (Swofford 2002] , on the basis of two-parameter maximum likelihood distances (Ts/Tv ¼ 8.5, g ¼ 0.95) and 10,000 bootstrap replications, with the molecular clock constraint enforced for calculations of the most recent common ancestor (MRCA). Pairwise mismatches and tests of the mismatch distribution were calculated with DnaSP 4.1.10 (Rozas and Rozas 1995) . The alternative hypotheses in Figure 3 were evaluated with the help of MacClade (Maddison and Maddison 2000) .
RESULTS
There were 298 single-nucleotide polymorphisms (SNPs) among 32 fish over 15,655 bp each (total . 500 kbp), of which 98 are phylogenetically informative (sensu Nei 1987) . Each of the fish examined has a unique mtDNA sequence: pairwise differences range from 6 to 60. À8 substitutions/site/year. This indicates a temporal interval of 5703 years/substitution, which is slightly slower than the interval of 5140 years calculated for the most abundant haplogroup (H) in Homo (Mishmar et al. 2003; Achilli et al. 2004) .
Phylogenetic analysis identified 11 haplogroup clades that are supported in .70% of bootstrap replications. Of these, three are pairs of fish within more inclusive clades, four (E, F, G, and I) along with two ungrouped fish constitute a superclade EFGI that includes .84% of the fish examined, and which together with B constitutes a yet more inclusive superclade BEFGI. Haplogroup D is the outgroup to all other fish (Figure 3 ). The distribution of population samples does not differ significantly from random, either among the six primary clades B, D, E, F, G, and I (x 2 ¼ 20.43, d.f. ¼ 15, P ¼ 0.14), or among these six and the two inclusive superclades EFGI and BEFGI (x 2 ¼ 20.13, d.f. ¼ 21, P ¼ 0.54). The null hypothesis of constant population size can be evaluated by the correlation of the mean pairwise sequence difference and the number of segregating sites and is rejected both by Tajima's (1989) and Fu and Li's (1993 4A) is dominated by a peak (t ¼ 20.6) (Rozas and Rozas 1995 ) that corresponds to expansion of the EFGI superclade 59 KYA. Coalescence times within the EFGI superclade range from 34 to 68 KYA, and the superclade itself originates 93 KYA, ( Figure 4B ). The most recent common maternal ancestor of all cod examined dates to 162 KYA, corresponding to the divergence of haplogroup D from all others.
DISCUSSION
The historical and contemporary distributions of codfish are heavily influenced by the availability of appropriate depths of the continental shelves, which have varied greatly according to sea level shifts during periods of glaciation (Rose 2007; Bigg et al. 2008) . The coalescent of all codfish dates to 162 KYA, and the outgroup to all other codfish, haplogroup D, has thus far been observed only in two fish from two populations in the western Atlantic. The coalescent that includes all Norwegian coastal fish (EFGI 1 B) is more recent, and its origin 128 KYA dates to the very peak of the Sangamon/Würm interglacial (Figure 3) . Subsequent expansion at 59 KYA of the EFGI superclade that is responsible for the majority of the observed genomic biodiversity all occur within the middle of the Wisconsinan glaciation (Petit et al. 1999 (Petit et al. , 2001 ) ( Figure 4B ). The smallest observed divergence (six substitutions, between two Grand Banks fish) is threefold greater than the expected two substitutions for a post-Wisconsinan expansion 11.4 KYA. Such an event would predict one or more large cohorts of fish with near-identical mtDNA genome sequences, a phenomenon that has not been observed.
The predominance in the western Atlantic of the single-locus haplotype A is thus not a consequence of population expansion after the most recent glaciation, as previously hypothesized (Carr and Marshall 1991; Á rnason 2004) . Instead, A is a paraphyletic assemblage of diverse genomic lineages, including some that separated close to the base of the mtDNA tree ( Figure  3 ). The high frequency of haplotype A in the west conceals cryptic lineages not seen in the single-locus data (e.g., F and I) that are absent in the east. Although Norwegian fish with the A haplotype are on average slightly more differentiated from each other (28.3 6 4.6 substitutions) than are non-Norwegian A fish (23.5 6 8.8 substitutions), the difference is not significant (t .05['] ¼ 1.32, P . 0.1], and the maximum difference is greater among the latter (44 vs. 34 substitutions). Overall, in contrast with the single-locus data, Norwegian coastal cod mtDNA genomes are no more diverse (nucleotide diversity p ¼ 2.05 3 10
À3
) than western samples (p ¼ 1.78 or 2.13 3 10 À3 at North Cape and Hawke Channel, respectively).
Except for A, the principal remaining single-locus mtDNA haplotypes can each be identified with one or the other of the genomic haplogroups. Haplotype D occurs in the pair of fish that forms the outgroup to all others (which we therefore designate as haplogroup D), haplotype E is equivalent to haplogroup E that occurs on both sides of the Atlantic, and haplotype G occurs in a pair of fish within haplogroup G (Figure 3) . Thus, the fish examined here appear to include most if not all of the known major cod mtDNA lineages identified by single-locus studies.
The provenance and fate of the coalescent ancestor of all codfish examined (the codmother) and her descendants can be compared and contrasted with those of the human mitochondrial ''Eve'' and her children, the only other species to date with an extensive whole-mtDNAgenome phylogeography. The placement of the oldest and most diverse human clades in sub-Saharan Africa is consistent with the hypothesis of an African origin for the human species (Ingman et al. 2000) . The coalescence of all non-African mtDNA genomes into two clades 52 KYA that underwent a large-scale expansion 38.5 KYA supports the out-of-Africa model of the recent radiation of modern human continental groups and coincides with a cultural shift in Europe.
Given this model, does the observation that the most basal clade comprises two fish from the western Atlantic support a western codmother and an ''out-of-Newfoundland'' hypothesis of population expansion? The origin of the major coalescent that includes all Norwegian coastal cod coincides with the peak of the previous interglacial 128 KYA, a period of maximum ocean depth and availability of isobaths on the continental shelves that would facilitate transcontinental movement. On the basis of a paleoclimate model, Bigg et al. (2008) also conclude that observed genetic diversity in cod indicates that populations on both sides of the Atlantic had persisted through the last glacial maximum, and that standing diversity probably dates to the previous glacial minimum. Critical genomic evaluation of this hypothesis is at present limited by the restricted numerical and geographic sampling. Á rnason (2004) showed that haplotype D is distributed throughout the range of cod across the Atlantic and into the North and Baltic Seas, with its highest frequency in the mid-Atlantic. If all D haplotypes are indeed always part of the same genomic haplogroup lineage as the haplogroup D identified here, genomic dissection of this haplotype should determine its exact phylogeographic structure. Two general scenarios can be proposed. One or more geographically localized subsets of D-clade fish may occur as monophyletic lineages nested inside a more diverse phylogeography. This is the case with Greenland cod (G. macrocephalus ogac), which are a monophyletic lineage within the more widely distributed Pacific cod (Coulson et al. 2006) , or with another gadine, Norwegian pollock [G. (¼ Theragra) finnmarchica], which mitogenomic analysis has shown to be a subpopulation of the more widespread G. chalcogrammus (Ursvik et al. 2007) , though much older than the previous example . If this is the case for Atlantic cod, the basal distribution should indicate the species' provenance, as the human data favor the out-of-Africa hypothesis (Ingman et al. 2000) . For example, nesting of the D haplogroup identified here within a more widespread mid-or eastern-Atlantic cod would favor an ''out-of-Norway'' hypothesis. Alternatively, Á rnason's (2004) nested clade analysis suggests D has undergone long-distance dispersal. If this were a contemporary, postglacial phenomenon, we might expect to see individual transatlantic D-clade fish associated with multiple tips of a tree that is rooted elsewhere in the species' range.
Pairwise divergences in new population samples continue to reflect diversity that arises with the midglacial expansion of BFGI at 59 KYA. This is the case with trans-Laurentian Channel populations on the Georges Bank and Scotia Bank, east and northeast, respectively, of Cape Cod (S. M. Carr and H. D. Marshall, unpublished data) . The identification of the two unrecognized monophyletic haplogroups F and I within the A haplotype, both of which are at present confined to the northwest Atlantic, also suggests that finer distinctions are still to be found, as has been the case for the widespread H haplogroup in Homo (Achilli et al. 2004) . Further investigation may also reveal a pattern not yet discovered, for example, the existence of one or several cohorts of fish with identical or near-identical genome sequences as evidence of contemporary expansions, either as part of recoveries from true postglacial refugia (Hardie et al. 2006) or due to localized success in postcollapse recruitment (Smedbol and Wroblewski 2002) . High-resolution mtDNA genome sampling of Amerindian lineages has been shown to discriminate postglacial vicariance and ecological events (Achilli et al. 2008) .
One test of the directionality of cod movement is to count the cost of vicariance phylogeographic models in which the species originated in one area and spread to the others, either in an ''island model'' where movement between any pair of locations is equally likely, or in a ''stepping-stone model'' where movement between populations is more structured (Figure 5 ). For example, if the populations are arranged linearly in order of their occurrence across the North Atlantic, the out-ofNewfoundland and out-of-Norway hypotheses require, respectively, 20 and 22 steps in a weighted linear stepping-stone model, as compared with 12 and 13 steps in an unweighted island model. In the stepping-stone model, a Flemish Cap origin requires 24 events, and a North Cape origin, 26. None of the alternative models can be rejected (all P . 0.5 by a two-tailed binomial test; Zar 1999) .
Complete mtDNA genome sequences clearly provide superior phylogeographic and phylogenetic resolution than do single-locus studies (Ingman et al. 2000; Coulson et al. 2006; Achilli et al. 2008) . In Homo, the extensive homoplasy in the hypervariable control region sequences means that haplogroups are recognized by polythetic signatures, including plesiomorphic absences of restriction sites, rather than phylogenetic synapomorphies; this blurs resolution. In Gadus, there is a good correspondence between the major cytochrome b haplotypes and some of the genomic haplogroups (D, E, and G), but other groups are undetected (B, F, I, and superclade EFGI), and the major type A is paraphyletic. Given the limitations of a single locus, is it possible to survey the segregating sites in the complete genome from a population subsample, and thereafter to screen the larger population for just those SNPs (Dong et al. 2001) ? The linear regression in Figure 6 suggests that the number of SNPs identifiable in codfish increases at least initially almost linearly, with each new genome Figure 5 .-Alternative phylogeographic hypotheses for the origins of Atlantic cod. Suppose that fish arose in one area and spread historically to the others in either an island or linear stepping-stone model of population structure (Wright 1969) . In the former, movement between any pair of the four populations requires a single step; in the latter, movement between nonadjacent populations requires a number of steps equal to their separation in the series. The out-of-Newfoundland and out-of-Norway hypotheses then require, respectively, 20 and 22 steps in the linear stepping-stone model (as shown), or 12 and 13 steps in an island model (one step at each node). If the eastern population is connected with those in the west only by way of Flemish Cap (dotted line), the stepping-stone model requires 22 events with either origin. adding $9 SNPs. The quadratic regression suggests a plateau at $400 SNPs from $60 genomes. These predictions can be tested empirically. [Additional cod genomes from the trans-Laurentian populations continue to be unique (S. M. Carr and H. D. Marshall, unpublished data) .] Where there is strong phylogeographic structure, population-specific SNP surveys may seriously underestimate diversity in the other groups. For example, of a total of 655 SNP sites in the complete mtDNA genomes of 53 cosmopolitan humans (Ingman et al. 2000) , 365 (56%) are variable in 21 Africans, 357 (55%) are variable in 32 non-Africans, and only 67 (10% of the total) are variable in both groupings. That is, a priori limitation of a SNP survey to just those sites variable in either grouping would fail to detect .80% of the variants in the other grouping.
Sequencing of complete mtDNA genomes by conventional dideoxy methods remains tedious for population geneticists, who cannot afford the luxury of automatic contig assembly from multiply redundant cloned molecules, as is common in larger genome studies (e.g., Ng et al. 2005) . Redundancy is necessarily traded for increased sample size, and any given base is typically assayed only twice, from the forward and reverse strands. A new biotechnology, iterative DNA ''resequencing'' on microarrays offers an accurate and highly time-and costeffective alternative that is especially suited to genomes with high SNP density (Maitra et al. 2004; Flynn and Carr 2007) . Four of the Flemish Cap cod were sequenced by this method. Especially where parallel studies from multiple species in different taxonomic orders and classes can be multiplexed on a single ''ArkChip'' ), large-scale mitochondrial genomics is practical as a standard approach to analysis of well-resolved intraspecific phylogeography.
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